Abstract-While the conventional codebook is defined only for the initial transmission in the closed-loop MIMO system, this paper proposes a new retransmission structure with a sequence of multiple codebooks, rather than using a single identical codebook for every retransmission. The pre-coding matrices in each codebook are sequentially linked so that each one can be used for a sequential hybrid ARQ transmission attempt, without invoking any index feedback from the receiver. It has been shown that the proposed codebook structure provides a performance gain of more than 5dB over the conventional scheme in the longterm-static channel.
I. INTRODUCTION

I
T is typical that a conventional closed-loop MIMO system, e.g., IEEE 802.16e standard, employs a single codebook. In the event of negative acknowledgement, the same pre-coder, selected for the first transmission, may be used again for the subsequent retransmission. It implies that a combining gain of the multiple MIMO signal receptions is not taken into account. In order to maximize the diversity gain, however, a sequence of the multiple codebooks can be designed to maximize a H-ARQ combining gain of all the previously received signals.
For the open-loop system, the combining gain can be significantly increased by inducing artificial channel variation with a symbol level combining [1] [2] . By changing the subcarrier assignment pattern at every transmission in [1] , the maximumratio-combining (MRC) gain is improved for an OFDM system. For the spatial multiplexing system considered in [2] , a transmit signal vector is multiplied by a randomly selected unitary matrix at every transmission in order to maximize the time diversity gain.
The key idea in this letter is to consider an open-loop retransmission structure that employs a sequence of multiple codebooks optimized for the H-ARQ combining gain, rather than using a single identical codebook for every retransmission. In order to avoid the feedback overhead, it is proposed to employ a sequence of the pre-defined codebooks in the transmitter, which is designed to minimize the average distortion. Since the pre-coder is selected along a pre-defined codebook chain, i.e., a pre-coder for the current transmission is determined by that for the previous transmission, no feedback is required. Given the sequential pre-coding structure for a Manuscript received January 31, 2010. The associate editor coordinating the review of this letter and approving it for publication was Z. Yan.
This MIMO-HARQ system, a sequence of optimum codebooks is constructed and its performance evaluated. The rest of the letter is organized as follows. In Section II, a model for a linearly pre-coded closed-loop MIMO hybrid ARQ system is described, and a retransmission codebook generation procedure is presented in Section III. Section IV provides simulation results and shows the performance gain of the proposed algorithm, and the conclusions are drawn in Section V.
II. SYSTEM MODEL FOR SEQUENTIAL PRE-CODING
A. System Model for MIMO Hybrid ARQ
Consider a MIMO system with transmit and receive antennas. A signal vector s is first coded by a × pre-coding matrix ( > ), which is selected from a pre-defined codebook, and then transmitted over the given × MIMO channel H. Then, the received signal is represented as y = HFs + w.
where w is the thermal noise vector. Denoting the channel matrix and pre-coding matrix at the -th transmission by H and F , respectively, the above relationship for the -th transmission can be written as
If the channel gain remain static during every transmission attempts for a given block, i.e., H = H , for all and , the corresponding channel is referred to as a long-term-static (LTS) channel. Otherwise, the channel changes independently at every transmission, and it is referred to as a short-term-static (STS) channel. The covariance matrices for the transmitted signal vector s and thermal noise vector w are given as
Multiple receptions of the same signal vectors for hybrid ARQ operation can be optimally combined before the linear MIMO equalization. After L receptions and concatenation, the overall relationships between the transmitted and received signals are represented as
(5) whereH denotes an overall diversity matrix concatenated from a sequence of the selected pre-coding matrices F for the given channel conditions H [3] . Using (5), detection for the ℎ transmission is given aŝ
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Note that the MMSE linear equalizing matrix G MMSE for the given {F 1 , F 2 , . . . , F } is given as
B. Codebook Structure for Sequential Pre-coding
The initial transmission follows a typical pre-coding process in the closed-loop MIMO system, in which the pre-coding matrix is selected upon the given condition and then, its index is fed back to the transmitter. In the case that the initial transmission is not successful, retransmission follows by using a new pre-coding matrix that has been selected from the predefined codebooks, depending on which pre-coder was used in the initial transmission. In the following retransmission attempts, a sequence of pre-coding matrix is selected along a pre-defined codebook chain, i.e., a pre-coder for the current transmission determined by that for the previous transmission.
For a codebook of size , let ( ) be a set of precoding matrices for the -th transmission, which is represented by ( ) = {W ( ) }, = 1, 2, . . . , , where W ( ) denotes one of the possible pre-coding matrices that is selected for the -th transmission. The initial transmission relies on the conventionally-designed codebook, which is constructed by a quantization of right singular matrix of H 1 . Furthermore, the proposed codebook design for the retransmission is presented in the following section. For a given arbitrary objective function (⋅), a pre-coding matrix for the initial transmission is given by W (1) * , i.e., F 1 = W
(1) * , such that * = arg max ∈{1,2,..., } (W (1) ). In this letter, MMSE criterion is used as the objective function for pre-coding matrix selection. Subsequently, the pre-coder F for ≥ 2 is deterministically given as F = W ( ) * . Fig. 1 illustrates a codebook structure for sequential pre-coding with = 4.
III. CODEBOOK DESIGN FOR SEQUENTIAL PRE-CODING
First of all, the optimal minimum mean square error (MMSE) pre-coder is considered over the un-quantized codebook set. Without loss of generality, the focus is on the design of an optimum codebook for the second transmission. A novel codebook design for second transmission is presented as a quantization of the optimal MMSE pre-coder. Let H 1 and H 2 be the channel matrix at the attempt of the first and second transmission, respectively. Assume that F 1 is used as a precoding matrix for the first transmission. Consider a singular value decomposition (SVD): H 2 = U 2 Σ 2 V 2 where U 2 and V 2 are the left and right singular matrices, respectively, and Σ 2 is a diagonal matrix given as
where { } =1 are singular values ( 1 ≥ 2 ≥, . . . , ≥ ). Assuming the full channel state information (CSI) at the transmitter, an optimal MMSE pre-coder is given as
where P is a permutation matrix to rearrange the order of the diagonal entries in F 1 H 1 H 1 F 1 and Σ 2 into reverse order, i.e., the smallest diagonal element of F 1 H 1 H 1 F 1 is paired with the largest one of Σ 2 , the second smallest with the second largest, and so on. In other words, diagonal entries of P F 1 H 1 H 1 F 1 P are arranged in an ascending order [4] . Let (A, B) be a distance metric for two different matrices A and B. Then, a space of F opt 2 can be partitioned into multiple regions, depending on F opt 1 and {W (1) }, i.e., the -th region, ℛ , is defined as
Now, the objective of the codebook construction is to minimize the average distortion, which is given as
The codebook construction problem with the objective function in (12) can be solved by the Lloyd algorithm [5] . Its key idea is to determine a mapping rule that converts a given codebook into the new and improved codebook in an iterative manner. The design algorithm begins with an arbitrary codebook and repeats until a given stopping condition is reached. Now, the codebook design steps are summarized as follows:
Step 1. Generate two training sets with samples of channel matrix, {H 1, , H 2, } =1 for the initial and second transmission, respectively. And then generate an optimal pre-coder set {F opt } =1 , = 1, 2, for each channel matrix set. F opt 1, is given as the matrix constructed by the first several right singular vectors of H 1, and F opt 2, is given by (10).
Step 2. Starting with an initial arbitrary codebook (obtained randomly), carry out the following two sub-steps iteratively [5] :
to one of the regions using the following rule: where (A, B) , which provides the simple optimal codebook solution in the next sub-step and is used to generate a codebook for closed-loop MIMO systems, is a chordal distance between the matrix A and B [7] . And {W (1) } follows the conventional codebook in IEEE 802.16e standard.
(ii) For each region ℛ , find the optimal codebook as
where V is the right singular matrix of R such that
. During each iteration the tentative codebook is examined, and recorded if its minimum projection twonorm distance, defined as
is larger than the current best.
Step 3. Unless the minimum projection two-norm distance is further increased, return to Step 1. Figure 2 shows the average distortion in the course of iteration for the above procedure. It is clear that as the number of iterations increases, average distortion of the newly updated codebook decreases below that of the conventional codebook (e.g., specified in IEEE 802.16e standard) that has been designed for an isotropic distribution.
IV. SIMULATION RESULTS AND DISCUSSION
This section presents the simulation results for 4 transmit and 2 receive antennas. We use the rate 1/2 convolution turbo codes for the forward error correcting scheme. The payload size is 1920 bits. For the first transmission, the QPSKmodulated signal is linearly pre-coded and transmitted through the spatially correlated MIMO channels by using the codebook of IEEE 802.16e standard. We consider the correlated MIMO channels in the urban macro-cell environment, which is modeled in 802.16m evaluation methodology. Figure 3 shows the FER performance of the 2nd transmission for the proposed sequential pre-coding and conventional schemes under the correlated environment for the LTS and STS channels, respectively. The conventional scheme refers to the case in which the same pre-coder is used all retransmissions as well as the initial transmission. Meanwhile, the random selection scheme refers to the case that a pre-coding matrix is randomly selected for a single codebook at each retransmission, which intends to introduce time diversity to the static channel. It is shown that the proposed scheme provides a performance gain of more than 5dB over the conventional one in the LTS channel. However, it is clear that the performance gain is reduced in the STS channel. This implies that a gain of time diversity by the proposed scheme is greatly reduced in the STS channel, since independent channel variation in each transmission already has achieved the time diversity.
V. CONCLUSION
In this paper, it has been shown that a sequence of the pre-defined codebooks in the transmitter can be employed as a means of implementing a progressive linear pre-coding scheme, without incurring any additional feedback overhead, in the MIMO-HARQ system. The performance gain is mainly attributed to the time diversity achieved by pre-coding, which has been designed to fully utilize the multiple MIMO signal reception in the course of hybrid ARQ. Therefore, the proposed scheme can serve as a practical means of enhancing diversity over the LTS channel in the MIMO-HARQ system.
